The well-known Hvorslev (1951) formula was developed to estimate soil permeability using single-well slug tests and has been widely applied to determine riverbed hydraulic conductivity using in situ standpipe permeameter tests. Here, we further develop a general solution of the Hvorslev (1951) formula that accounts for flow in a bounded medium and assumes that the bottom of the river is a prescribed head boundary. The superposition of real and imaginary disk sources is used to obtain a semi-analytical expression of the total hydraulic resistance of the flow in and out of the pipe. As a result, we obtained a simple semi-analytical expression for the resistance, which represents a generalization of the Hvorslev (1951). The obtained expression is benchmarked against a finite-element numerical model of 2-D flow (in r-z coordinates) in an anisotropic medium. The results exhibit good agreement between the simulated and estimated riverbed hydraulic conductivity values. Furthermore, a set of simulations for layered, stochastically heterogeneous riverbed sediments was conducted and processed using the proposed expression to demonstrate the potential associated with measuring vertical heterogeneity in bottom sediments using a series of standpipe permeameter tests with different lengths of pipe inserted into the riverbed sediments.
Introduction
The exchange processes between surface water and groundwater are significant not only in riverbank water resource management (Chen and Chen, 2003; Winter et al., 1998) but also in water quality considerations (Calver, 2001 ) associated with biogeochemical interactions between streams and surrounding aquifer systems (Hiscock and Grischek, 2002) . Riverbed hydraulic conductivity (K) is one of the key factors controlling the magnitude and spatial distribution of surface-groundwater exchange processes (Genereux et al., 2008; Landon et al., 2001) , and it may vary over more than eight orders of magnitude, ranging from below 1.0 Â 10 À9 m/s to above 1.0 Â 10 À2 m/s (Calver, 2001) , depending on the riverbed sediment materials and textures (Min et al., 2013; Taylor et al., 2013) . Although numerous approaches (e.g., grain-size distribution analysis, Darcy's law-based in-stream tests, environmental tracer experiments, water balance techniques, integrated surfacegroundwater numerical modeling, etc.) have been widely applied to investigate the hydraulic properties of riverbed sediments (Cheong et al., 2008; Kalbus et al., 2006; Wang et al., 2015) , the accurate estimation of riverbed K values remains a challenge. One of the challenging aspects of estimating riverbed K is associated with its high spatial and temporal variability across measurement scales due to heterogeneity in the riverbed sediments (Chen et al., 2010) , scouring and depositional processes during flooding events (Dunkerley, 2008; Hatch et al., 2010) , and diurnal and seasonal changes in stream flow temperature (Constantz, 1998) . Additionally, the successful application of the aforementioned methods is highly dependent on the assumptions and limitations of the applied methods, the specific equipment, and the design of the measurements (Shanafield and Cook, 2014) . Therefore, to estimate riverbed K, multiple methods are recommended to reduce the method uncertainties involved in many field studies (Fleckenstein et al., 2010) .
Field methods, including slug tests, in situ permeameter tests, and seepage-meter measurements, have been widely applied to determine the hydraulic properties of riverbeds. For studying riverbed vertical heterogeneity, a light-oil piezomanometer, which allows to measure very small head differences between surface water and underlying groundwater, was developed by Kennedy et al. (2007) . Recently, a new type of permeameter was designed to measure two parameters, i.e., vertical flux and hydraulic gradient, simultaneously on site (Lee et al., 2015) . These methods are relatively quick, inexpensive and allowing for numerous measurements to be made at many locations (Landon et al., 2001) . The falling head slug tests, in which a standpipe (well or piezometer) is filled with river water and the raised water level in the standpipe is immediately allowed to fall while assuming that the general river water level remains constant (Baxter et al., 2003; Hvorslev, 1951) , are considered to be a more practical in-stream approach than a permeameter for determining the riverbed K because of their ability to measure much deeper sediments (Landon et al., 2001) . Another important advantage of falling head slug tests is that this type of test can evaluate the anisotropy of riverbed sediments using the L-shaped standpipe method (Chen, 2000) , which provides in situ measurements of riverbed K in different directions. Hvorslev (1951) conducted detailed interpretations of field standpipe permeameter tests using different types of piezometers and provided corresponding formulas to calculate the hydraulic conductivity. Hvorslev's falling-head analysis generated accurate vertical hydraulic conductivities of the riverbed in homogenous sediments and layered deposits of low-K sand over high-K sand (Burnette et al., 2016) . The analytical solution produced by Hvorslev (1951) highly depends on the shape factor of the installed piezometer (F), which is considered a function of the geometric constants, i.e., the length-to-diameter ratio, of the piezometer (Silvestri et al., 2012) . As indicated by Klammler et al. (2011) , most existing approaches used to determine F are based only on geometric or mathematical simplifications that neglect the effects of the boundaries of the flow domain. Therefore, the objectives of this study are to: (1) develop a semi-analytical expression for hydraulic resistance of an open-ended standpipe permeameter in the vicinity of a constant head boundary; (2) validate the obtained expression using numerical simulations of the falling head tests in the standpipe permeameter; (3) examine the influence of the natural vertical flow gradient in bottom sediments and medium elastic storage on the falling head test results; and (4) analyse the possibility of determining the hydraulic conductivity profiles of layered bottom sediments using falling head tests in a standpipe permeameter.
Development of an analytical model

A semi-analytical solution for hydraulic resistance
As shown in Fig. 1 , an open-ended cylindrical pipe has a diameter d and a penetration length into the riverbed sediments L. Let us assume that the initial water level in the pipe H pipe ð0Þ is equal to the river water level H riv , i.e., H pipe ð0Þ ¼ H riv . The water level in the pipe is instantaneously raised to S 0 above the river water level H riv , and the subsequent raised water level in the pipe relative to the initial water level in the pipe H pipe ð0Þ is S(t).
A semi-infinite medium with an origin in cylindrical coordinates (r, z) is placed at the upper boundary of the sediments in the centre of the pipe with diameter d. The riverbed sediments are assumed to be horizontally anisotropic media, i.e., the saturated hydraulic conductivity at each field point can be characterized by the radial horizontal (K r ) and vertical (K z ) components of hydraulic conductivity tensor K. The coefficient of anisotropy of conductivity can be defined as follows: a
The equation of unsteady state flow in an anisotropic medium from the pipe into the riverbed sediments, in cylindrical coordinates (r, z), is written as follows, using superposition principles in terms of changes in hydraulic head (Neuman, 1975) :
where S s is specific storage, and s(r, z, t) = H(r, z, t) À H(r, z, 0) is the change in hydraulic head H(r, z, t), i.e., its increase above the initial head H(r, z, 0). The initial condition of Eq. (1) is s(r, z) = 0 for r > d/2, and s = S 0 for z = 0 and r < d/2 at t = 0. S 0 is the instantaneous change in the water level inside the pipe above the river water level at t = 0. The boundary conditions at the wall of the pipe are no-flow conditions. At the top of the sediments inside the pipe, i.e., z = 0 and r < d/2, the hydraulic head change in the sediments is s(r, 0, t) = S (t). The flow rate from the pipe Q is system-dependent, and it can be found by equating the flow in the pipe to the flow in the medium:
At the surface z = 0 outside the pipe (r > d/2), two types of boundary conditions can generally be considered: a) a no-flow boundary and b) a constant-head (s = 0) boundary. Note that the no-flow boundary at the top of the bottom sediments is not Fig. 1 . Cylindrical pipe installed in riverbed sediments with equipotential of groundwater head change in the sediments. H riv is the river level, H(t) is the water level in the pipe, and S(t) is raised over the H riv water level in the pipe. realistic in real hydrological systems; however, we consider both types of boundary conditions to analyse the scales of different boundary effect on analytical solution.
The goal of this section is to develop a functional relationship between the change in the water level in the pipe S(t) above the initial level H pipe ð0Þ and the outflow rate from the pipe Q as a function of the hydraulic conductivity of the medium and the following pipe parameters: penetration length L and diameter d.
To determine this relationship, we consider the case of incompressible fluid flow in an incompressible medium, i.e., S s = 0. Next, we apply a method of local hydraulic resistance, which separates the flow into the inner part, i.e., the flow within the pipe filled with sediment, and outer part, i.e., the flow outside the pipe. According to this method, the outflow rate from the pipe Q is associated with the change in water level S and the total hydraulic resistance, which comprises internal resistance and external resistance:
where R in (L) is the internal hydraulic resistance of the flow within the pipe and R out (L) is the external hydraulic resistance of the flow in the medium surrounding the pipe. Let us suppose that the flow lines within the pipe are parallel to the wall of the pipe. Thus, the flow within the pipe can be considered one dimensional in the z direction. In this case, the internal hydraulic resistance can be expressed as the resistance of a one-dimensional flow with length L across an area of pd 2 =4 as follows:
The external hydraulic resistance is the resistance of divergent flow and depends on the hydraulic conductivity and geometric constants, i.e., the pipe diameter d and the distance from the pipe opening to the boundary L. It also depends on the type of boundary condition at z ¼ 0 (a no-flow boundary or constant-head boundary).
For further development, the coordinates in Eq.
(1) can be transformed to obtain the flow equation in an isotropic media with scaled geometry: r 0 ¼ ra; z 0 ¼ z, and isotropic hydraulic conductiv-
Next, to determine the external resistance, flow in an infinite medium, i.e., L ! 1, is considered. An exact analytical solution for steady-state flow into an open-ended well with a short screen partially penetrating an isotropic medium was developed by Silvestri et al. (2012) . According to Silvestri et al. (2012) , the relationship between S and Q for steady state flow in an isotropic unbounded aquifer from an open-ended pipe without a well screen can be expressed in the following form:
Taking into account the anisotropy transformation, the external resistance based on Eq. (5) can be written as follows when L ! 1:
where að1Þ is a dimensionless coefficient and is equal to 2.8. For L = 0 and an impermeable upper boundary at z = 0 and r > d/2, the external resistance can be written in the same form as Eq. (6), but with the dimensionless coefficient a(0) = 2 using the steady state solution of the thermal resistance of a disk source (Carslaw and Jaeger (Eds.), 1959) :
For L = 0 and a constant head boundary at z = 0 outside the pipe, no analytical results exist for the case of a constant head boundary inside the pipe due to a singularity at the pipe wall as a result of its zero thickness. Carslaw and Jaeger (Eds.) (1959) showed that the total resistances of a constant head and a constant specific flux at the disk surface are very similar. Thus, we applied the wellknown solution by Carslaw and Jaeger (Eds.) (1959) to estimate the thermal resistance of a disk source with a constant specific heat flux rate of m. In the present study, the effective disk radius R ¼ ad=2, and the increase in the water level is a function of the disk source radius, which can be expressed as follows:
where J 0 ðxÞ is a Bessel function of first kind. Then, the average increase in water level over the disk S av can be defined as
The total flow across the disk is Q ¼ pR 2 m, and the resistance can be written in the following form:
To evaluate the integrals in Eq. (9), let us define u ¼ k Á R and r ¼ r 0 =R ¼ 2r=d, leading to the following equation:
Reversing the integration order and simplifying the integration yields:
Next, substituting R for d yields:
Eq. (12) is analogous to Eq. (7), and in this case
% 3:701. Therefore, the external resistance depends on the distance to the boundary and the type of boundary condition at this boundary. The maximum effect of the boundary on the external resistance occurs is for zero total penetration length L. If the boundary is non-permeable, then the external resistance increases by a factor of 1.4 relative to that of the infinite medium. If the boundary has a constant head, the external resistance decreases by a factor of 1.325.
For field tests in riverbed sediments, the boundary is generally set as a constant head boundary. Therefore, the general solution of the external resistance must be obtained for an arbitrary L for a constant head boundary. However, an analytical expression for this general case does not exist. To obtain an approximate expression of the resistance estimation, we apply a well-known method used to estimate the potential of a point source located near a boundary (Bear, 1979) . This method assumes the superposition of potentials of real sources and imaginary sinks in an infinite medium and is strictly applicable only for point sources with given flow rates and does not strictly apply to a disk of finite diameter with a given potential. In the far field, the potentials of a disk of finite size and point sources with the same flow rates are similar according to Carslaw and Jaeger (Eds.) (1959), and they tend towards zero with increasing distance. Therefore, we assume that the open-ended well is located a sufficient distance away from the boundary. In this case, we can apply the principle of superposition, which is used for point sources, as a weak approximation of the real field s(r, z) of an open-ended well. We use the superposition of two disk sources: one is the real open-ended well that produces the s r (r 0 , z) field, and the other is an imaginary open-ended well that produces the s im (r 0 , z) field. The latter is located at a distance of 2L from the real well and has the opposite sign, i.e., s(r 0 , z) = s r (r 0 , LÀz) À s im (r 0 , L+z). To calculate the hydraulic resistance with superposition, we adopt the well-known solution for a disk source of diameter d with a given potential in an infinite medium (Carslaw and Jaeger (Eds.), 1959) , which can be written:
where S d is the potential on the disk source surface, i.e., S d ¼ QR out ð1Þ. Next, we assume that the influence of the imaginary openended well on the real well head at its open end is equal to the mean s im (r 0 , 2L) for 0 < r < d/2. Averaging Eq. (13) over the disk of the real well at distance 2L from the imaginary disk, we obtain:
Numerically averaging Eq. (14), we find that f is equal to the value obtained from Eq. 
Thus, for the far field, i.e., for the case of an open-ended well located a sufficient distance away from the boundary, we can use superposition to write:
Eq. (16) demonstrates that the change in f(l) from 0 to 1 is a transfer function that describes the effect of the boundary on the hydraulic resistance R out (L) of a point source.
For a real open-ended well, let us suppose that the hydraulic resistance is an unknown function of the same transfer function f(l), i.e., R out (L) = F[f(l)], with known bounds: F½0 ¼ R out ð1Þ and F½1 ¼ R out ½0. By assuming that F[f(l)] is a differentiable function that can be expanded in a Taylor series and by writing a formal expansion of F[f(l)] in a series and retaining only the first two terms of this expansion, i.e., F½f ðlÞ % F½0 þ 
Eq. (18) satisfies the explicit well-known boundary values for the external resistance. This agreement is necessary; however, it is not sufficient to assume that the selected transfer function is correct because it cannot guarantee that expansion can be used to calculate the correct value of the external resistance R out (L) within an acceptable error for any arbitrary proposed value of L. This approach is numerically validated in Section 3. Fig. 2 shows the dependence of the parameter a on the dimensionless distance between a horizontal boundary with a prescribed hydraulic head and an open-ended pipe in an isotropic medium obtained from Eqs. (15) and (18). This dependence reflects the influence of the boundary with a given hydraulic head on the external hydraulic resistance. Generally, we assume that the vertical hydraulic conductivity is less than the horizontal hydraulic conductivity; thus, a = 1 reflects the maximum influence of the horizontal boundary with a specified hydraulic head on the external resistance for a given penetration depth. As shown in Fig. 2 , the impact of a constant head boundary on the hydraulic resistance is less than 5% for L > 2d.
Considering Eqs. (4) and (17), Eq. (3) can be re-written as:
Furthermore, by applying a quasi-stationary model, i.e., assuming that at any time Q ¼ À pd 2 4 dS dt ¼ SFK z d and for initial time S ¼ S 0 , the expression for the water level dynamics in the pipe can be found to be:
Plotting lnðS 0 =SÞ versus t, reveals a slope of:
By having the parameters of pipe L and d, as well as an estimate regarding the coefficient of anisotropy in the porous medium, it is possible to determine the vertical hydraulic conductivity at any installed depth of pipe: 
Effects of a natural vertical flow gradient in bottom sediments and medium elastic storage
Eq. (22) assumes that the initial value of S 0 measured in the pipe at an elevation above H riv is equal to the value measured above the initial water level in the pipe inserted at arbitrary depth L, i.e., the ambient pre-test vertical head gradient in the riverbed is zero. If an upward or downward ambient head gradient exists, the ambient hydraulic head at the pipe penetration depth differs from H riv . Thus, the stable water level inside the pipe H pipe is not H riv ; instead, it is either greater or less than H riv , depending on the penetration depth L. Therefore, the value of S 0 measured from the river water level is not the true change in hydraulic head at depth L above the initial value H pipe . A possible practical solution to this problem is waiting for the water level to stabilize within the pipe before the test. For the low riverbed permeability and relatively large diameter pipe, this stabilization may take a long time. To avoid this issue, the extended version of Eq. (20) can be used, taking into account the difference between the head of the stream H riv and the natural head H(L) at the depth of pipe penetration L, i.e., DHðLÞ ¼ H riv À HðLÞ:
Eq. (23) 
The influence of the external hydraulic resistance on the estimation of vertical hydraulic conductivity is negligible if the second term on the right hand side of Eq. (24) is significantly less than one. For an isotropic aquifer, this term is less than 0.1. Additionally, when L=d is greater than three, the effect on the calculated external resistance is not essential because the main hydraulic resistance is concentrated inside the pipe.
Eq. (22) differs from the associated Hvorslev formula that corresponds to Case E (see Fig. 18 , Page 44 in Hvorslev (1951) ), which, in the notation of this study, has the following form:
where S 1 and S 2 are the head above H riv at the testing time t 1 and t 2 . The denominator produces a value of 11 in Hvorslev (1951) (Eq. (25)), i.e., approximately 4 ⁄ 2.8. However, in our formula (Eq. (22)), this coefficient depends on the distance from the constant head boundary to the open end of the pipe.
The previous solutions assume that the water and the riverbed sediments are incompressible. To estimate the influence of the compressibility of water and sediments, i.e., S s > 0, we adopt the results of Warrick et al. (1992) , who solved the diffusion problem for a disk source in an infinite medium and developed an approximation of the time dependence of the diffusive flux from a disk source. In this paper, the expression developed by Warrick et al. (1992) can be rewritten as:
where Q 1 is the flow rate for the steady state case (i.e., S s ¼ 0).
Eq. (26) demonstrates that for a characteristic dimensionless time of transient flow T > 10, the flow rate is close to the steady state rate. Introducing the characteristic dimensionless time based on a falling head test T f , which according to Eqs. (20) and (21) is equal to Bt, the ratio of these times can be written as:
According to Eq. (27), for a given test time t, the dimensionless transient flow time for typical parameters (L $ 1 m, d = 0.1 m, and S s $ 10 À3 -10 À4 m À1 ) is four orders of magnitude larger than the dimensionless time of the falling test. Therefore, unsteady flow due to elastic storage can be neglected in falling head tests for broad ranges of riverbed hydraulic parameters and pipe dimensions.
Numerical simulation and experimental verification
Model description
To validate the obtained semi-analytical expression (22), we developed the 1Well code (Lekhov, 2015) , which simulates flow surrounding a pumping or injection well with different types of boundary conditions at the well surface, including falling head tests in open-ended pipes. This programme numerically solves Eq. (1) using the finite-element method in r-z coordinates. To take into account the internal resistance of the sediments inside the pipe, this programme uses Robin boundary conditions, which are a weighted combination of Dirichlet and Neumann boundary conditions, for the head and velocity and an integrated water balance at the pipe outlet to find the relationship between the falling head and total outflow from the pipe: , in the open-ended pipe that penetrates the sediments to a depth of L, and where b = K z /L for a pipe filled with sediments and b ? 1 for a pipe without sediments throughout its entire depth L.
We compared the numerical and analytical results for flow in an isotropic medium with hydraulic conductivity K without internal resistance for two cases: (1) L = 0 and a no-flow boundary for r > d/2 and (2) an infinite medium (L ? 1). As shown above, the rigorous relationship between Q and S is as follows for these two cases:
Solutions based on the programme 1Well showed that Eq. (29) is performed numerically with an accuracy of 2%, taking into account the spheroid-like head change (Fig. 1) in the mesh design. Along the r-axis from r = 0 to d/2, this mesh for has nine elements of equal area, and element sizes logarithmically increase when r > d/2, with a magnification factor of 1.05. A logarithmic mesh with a magnification factor of 1.05 is also used for spacing along the z-axis. The vertical size of the smallest element is equal to d/2 ⁄ 0.05, and this element is placed at z = L. This same mesh design is used for further simulations in support of Eq. (22) discussed below.
Numerical assessments
We performed a set of numerical calculations of falling head tests using 1Well to assess Eq. (22). In all the tests, we used the specific storage value simulated using Eq. (1): S s = 5 ⁄ 10 À4 m À1 . For each simulation result we produced a plot of ln(S 0 /S) versus t and linear regression to estimate the slope of ln(S 0 /S), i.e., the parameter B (Eq. (21)) and the K z value from Eq. (22). Next, using the estimated K z value, we calculated the dimensionless falling head test time: T f ¼ K z t=ðL þ pda=4aðLÞÞ. Fig. 3 shows the estimated K z for an isotropic medium in the form of ln(S 0 /S) versus dimensionless time T f . According to Eqs. (20)- (22), if the estimated K z is close to the simulated values, the data from simulations based on different hydraulic parameters should fall near the Y = X line on a plot of ln(S 0 /S) versus dimensionless time (T f ). Fig. 3 shows a very good fit between the experimental data and the Y = X line, suggesting that Eq. (22) is correct for various penetration depths L in an isotropic medium. Fig. 4 shows the same calculation performed for an anisotropic medium. One can see from this figure that the estimation results for an anisotropic medium are also in good agreement with the numerical simulation results for the cases of a > 1 and a < 1. No visible effects of the elastic properties of the simulated medium, i.e., using nonzero values of the specific storage based on the ln(S 0 /S) versus t curves, are observed.
Thus, the numerical results obtained for isotropic and anisotropic media over a wide range of L values show that our semianalytical equation (18) for a(L) and transfer function equation (16) can be effectively used for practical purposes in the interpreting field data with Eqs. (21) and (22).
Performance considerations in a layered medium
To study the sensitivity of the falling test results to vertical heterogeneity, we assume a sediment profile with a depth of 2 m and stochastic changes in LogK that have a vertical exponential correlation r(z) = exp(Àz/k z ), a characteristic length of k z = 0.3 m and an infinite characteristic correlation length along the r-axis. We created three versions of this profile with different values of Var(log K), i.e., 0.25, 0.5 and 1, and a constant vertical resolution of 0.01 m. Then, we simulated falling head tests for each version with a pipe diameter of d = 0.1 m and different penetration lengths L varying from 0.1 to 1.9 m, with a constant step of 0.1 m. For each profile and each depth, we simulated two types of tests. The first type is the test described above, i.e., the total hydraulic resistance consisting of the internal and external resistances. The second type is a simulation with zero internal resistance, i.e., we assume that the sediments are removed from the pipe before testing. Fig. 5 shows the results of these simulations. As expected, every tested depth with internal resistance produces a value of estimated conductivity that is very close to the harmonic mean estimated at each given depth. The tests with zero internal resistance produce estimated values much closer to the intrinsic value of the conductivity at the tested depth. Thus, to study the vertical variability in hydraulic conductivity of bottom sediments, the testing accuracies can be improved by removing the sediments from the pipe. The tests with sediments inside the pipe produce estimated values of resistance that averaged up to the harmonic mean of the testing depth.
Summary
In this study, we developed a semi-analytical expression that accounts for flow in a bounded medium during falling head tests in a pipe penetrating the riverbed sediments. This expression considered the total hydraulic resistance of the flow through the sediments into and out of the pipe, thereby producing a generalized solution to the well-known Hvorslev (1951) formula (Eq. (25) ). The developed expression was tested using the simulation results of a finite-element numerical model. Numerical comparisons with the proposed analytical solution exhibit good agreement between simulated and estimated hydraulic conductivity values for both isotropic and anisotropic media. Thus, the linear fitting of the ln (S/S 0 ) curve versus test time and calculation of the a(L) value from Eqs. (15) and (18) for known geometry produce a more accurate result than that of the Hvorslev formula when processing field test data. As illustrated in Fig. 2 , the influence of the constant head boundary at the top of the sediments is visible for penetration depths that are less than two pipe diameters.
For sediments with ambient pre-test vertical head gradients, the non-steady state process of head recovery in the pipe due to natural differences between the hydraulic head in the surface water and the hydraulic head in the sediments at depth L can affect the interpretation of the results. The magnitude of the errors in the results is generally unknown. To account for an existing vertical head gradient within the riverbed sediments would require special piezometers that measure very small head differences (e.g., Kennedy et al., 2007) , capable of defining the ratio of S 0 to the natural head difference in the surface water and the sediments. Analytical analyses and numerical simulations show that for typical geometries associated with falling head test, i.e., S 0 , penetration depth L and pipe diameter d, and typical elastic storage of medium, the flow in riverbed sediments can be considered flow in incompressible medium, and the expression for hydraulic resistance does not change with the test time.
Finally, a set of simulations in layered, stochastically heterogeneous riverbed sediments was also performed and processed using the obtained expression to investigate the possibility of measuring vertical heterogeneity in sediments via a series of standpipe permeameter tests with different pipe penetration depths. The results show that tests with sediment inside the pipe yield estimated hydraulic conductivity that are close to the harmonic mean of the hydraulic conductivities of the riverbed sediments inside the pipe. However, to investigate the vertical variability in the hydraulic conductivity of the riverbed sediments, a more appropriate approach is to remove the sediment from the pipe. Thus, tests without sediments inside the pipe provide more information regarding vertical heterogeneity in the riverbed. Practically, after penetration of the pipe to a given depth L, this type of test requires the use of a drilling spoon or bailer with a diameter slightly smaller than that of the pipe to extract the sediments. The results of this study can be used to provide more accurate estimates of riverbed hydraulic conductivity and to provide guidance for the field design of falling head tests. 
